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Multiphoton High-Resolution 3D Imaging of
Langerhans Cells and Keratinocytes in the Mouse Skin
Model Adopted for Epidermal Powdered Immunization
William J. Mulholland1,3, Edward A.H. Arbuthnott1, Brian J. Bellhouse1, J. Frederick Cornhill1,
Jonathan M. Austyn2, Mark A.F. Kendall1, Zhanfeng Cui1 and Uday K. Tirlapur1
Langerhans cells (LCs) can be targeted with DNA-coated gold micro-projectiles (‘‘Gene Gun’’) to induce potent
cellular and humoral immune responses. It is likely that the relative volumetric distribution of LCs and
keratinocytes within the epidermis impacts on the efficacy of Gene Gun immunization protocols. This study
quantified the three-dimensional (3D) distribution of LCs and keratinocytes in the mouse skin model with a
near-infrared multiphoton laser-scanning microscope (NIR-MPLSM). Stratum corneum (SC) and viable
epidermal thickness measured with MPLSM was found in close agreement with conventional histology. LCs
were located in the vertical plane at a mean depth of 14.9 mm, less than 3 mm above the dermo-epidermal
boundary and with a normal histogram distribution. This likely corresponds to the fact that LCs reside in the
suprabasal layer (stratum germinativum). The nuclear volume of keratinocytes was found to be approximately
1.4 times larger than that of resident LCs (88.6 mm3). Importantly, the ratio of LCs to keratinocytes in mouse ear
skin (1:15) is more than three times higher than that reported for human breast skin (1:53). Accordingly, cross-
presentation may be more significant in clinical Gene Gun applications than in pre-clinical mouse studies.
These interspecies differences should be considered in pre-clinical trials using mouse models.
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INTRODUCTION
Langerhans cells (LCs) are key dendritic immune cells of the
epidermis able to capture and process antigens for their
subsequent presentation to T-lymphocytes in the draining
lymph nodes (Banchereau and Steinman, 1998; Guermon-
prez et al., 2002; Romani et al., 2003). They are distributed as
a continuously renewable network of major histocompa-
tibility complex (MHC) Class IIþ cells throughout the viable
epidermis, oral, and vaginal epithelium (Merad et al., 2002),
and can be readily targeted by needle-free genetic vaccines
using the hand-held ‘‘Gene Gun’’ and associated biolistic
epidermal powdered immunization (EPI) technology (Klin-
man et al., 1998; Dean et al., 2003; Peachman et al., 2003;
Watkins et al., 2005). A significant body of data from pre-
clinical and clinical studies shows that the biolistic delivery
of DNA-coated gold micro-particles directly to the nucleus
of LCs can induce potent cellular and humoral immune
responses (reviewed by Chen et al., 2002); however, debate
in this context is yet to resolve the relative contribution of
other cells in the target volume, including resident epidermal
keratinocytes, to the immune response following vaccination
(Condon et al., 1997; Porgador et al., 1998; Cho et al., 2001;
Bergmann-Leitner and Leitner, 2004; Ramirez and Sigal,
2004; Hon et al., 2005).
A major influence upon the relative contribution of
keratinocytes and LCs to the immune response following
Gene Gun delivery is the likelihood that cells from each of
these populations are successfully transfected to translate
genes encoded by the micro-particulate vaccine. This in turn
is affected by the volumetric distribution of target nuclei of
both LCs and keratinocytes within the epidermis. To provide
empirical data that can contribute towards a probabilistic
model of the relative efficiency with which each of these cell
populations are transfected via biolistic methods, we set out
in this study to quantify the volumetric distribution of LCs and
keratinocytes in the skin of the murine model.
Murine models are highly suited to elucidate the pre-
clinical efficacy and safety of EPI vaccines as their immune
system is well characterized, they are easily handled, and
with increased accessibility to transgenic disease models our
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knowledge of the role of genes in immunology is rapidly
advancing (Kissenpfennig et al., 2005a, b). The steady-state
planar distribution of LCs has been characterized in punch
biopsies from both human (Berman et al., 1983; Chen et al.,
1985; Bergfelt, 1993) and murine skin (Choi and Sauder,
1987; Koyama et al., 1987; Rittman et al., 1987; Larsen et al.,
1990). Measurements of LC nucleus and cytoplasmic volume
have been made in the mouse model, albeit with very small
sample sizes (Karas et al., 1992); however, to our knowledge
there is no published work that consolidates such data to
quantify the volumetric distribution of LCs and keratinocytes
within the murine epidermis.
Among the many techniques available in the field of
dermatology, a novel optical method ideally suited for non-
invasive in situ measurements of volumetric parameters
pertaining to the skin is that of near-infrared multiphoton
laser-scanning microscopy (NIR-MPLSM). Several important
advantages are associated with MPLSM over conventional
confocal laser-scanning microscopy and wide-field micro-
scopy for the acquisition of three-dimensionally (3D) resolved
image stacks deep within skin tissue (Zipfel et al., 2003). In
MPLSM, the non-linear multiphoton excitation process is
readily confined to a sub-femtoliter focal volume of a high
numerical aperture objective lens, providing inherent 3D
sectioning capabilities without the need for spatial filters
in the detection light path (Denk et al., 1990). As compared
to UV and visible laser light, NIR photons penetrate deeper
through scattering tissue, improving the maximum depth
at which high-resolution images can be obtained from skin
(Masters and So, 2001). Additionally, many fluorescent
markers and biological fluorophores that are otherwise excit-
able at UV and visible wavelengths can be excited by two-
and three-photon processes using NIR femtosecond-pulsed
laser light (Laiho et al., 2001; Dickenson et al., 2003).
In this study, we employed a modified NIR-MPLSM system
to acquire sub-cellular resolution images of LCs and epider-
mal keratinocytes in situ in the epidermal volume of the
mouse model. Advanced image processing and analysis
software was used to measure the thickness of the stratum
corneum (SC) and epidermal layers, as well as the vertical
and planar distribution, nuclear size, shape, and volume of
both LCs and keratinocyte cell populations. Results obtained
are compared to relevant published data pertaining to human
and murine skin and their significance in the context of EPI
vaccines is discussed.
RESULTS
SC and epidermal thickness measured from 3D endogenous
fluorescence images
3D-resolved image stacks from mouse skin were acquired
non-invasively with the modified MPLSM system. Orthogonal
projections such as those shown in Figure 1 and Movie S1
clearly reveal the SC layer and dermal–epidermal boundary.
Individual collagen fibers of the dermis can be discerned
from planar (xy) projections. A total of 290 measurements
from eight reconstructed sample areas on the ears of two
mice revealed a SC thickness of 4.471.2 mm (mean7SD) and
total epidermal thickness (taken from the surface to the
dermal–epidermal boundary) of 17.572.1 mm. Comparative
measurements derived from conventional histological sec-
tions (N¼ 150) estimated the SC and total epidermal
thicknesses to be 4.371.6 and 17.172.9 mm, respectively
(Figure 1d). These measurement sets were not significantly
different at the 0.05 level.
3D volumetric densities of LCs and keratinocytes in
the epidermis
Planar cell densities of LCs were ascertained from orthogonal
image projections as shown in Figure 2a and raw z-stacks
shown in Movie S2. More than 1,500 LCs were imaged in
epidermal sheets from five mice (five random areas of interest
in each sample). LC distribution appeared regular in the
planar view and inspection of the nearest-neighbor distance
showed an LC separation distance of 23.175.2 mm. The
number of LC per unit area was 1,0527109 mm2.
During assessment of the vertical distribution of LC nuclei
in labelled epidermal sheets, it was initially observed that
the SC had undergone significant swelling (mean thickness
7.0 mm) as compared to those measurements of fresh samples
imaged via endogenous fluorescence. We believe this
swelling could have occurred as a result of serial incubations
in dilute antibody solutions. Such swelling with increasing
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Figure 1. NIR-MPLSM is a reliable means to acquire virtual histological
sections of murine epidermis. Orthogonal plane projections as in (a) were
reconstructed from 3D image stacks obtained with the imaging system.
Multiphoton fluorescence emissions of (a, green) the SC and second harmonic
emissions from (a and b, blue) the dermis provided image contrast to enable
the major skin layers to be identified and their thickness measured. MPLSM
measurements of (c) the epidermal and SC thickness were compared against
(d) conventional hematoxylin- and eosin-stained histological sections and
showed no significant difference between the methods used, Po0.01. When
taken in combination with the unique characteristic of the MPLSM technique
that lend itself to in vivo imaging, these data support MPLSM as a valid and
reliable non-invasive alternative to ascertain the thickness of SC and
epidermis in living animal models and various patient populations.
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moisture content in the SC is consistent with previously
reported observations (Blank et al., 1984). While this discre-
pancy may have reduced the validity of vertical LC distri-
bution measurements made in labelled epidermal sheets, it
was readily corrected, as the average unswollen SC thickness
was already known. The corrected, LC nucleus depth
measured was 14.972.3 mm from a total of 67 LC counted.
This distribution was approximately normal as shown in the
plot of Figure 2b with a variance similar to that found for the
epidermal thickness. Taken together, these results suggest
that LCs reside in the stratum germinativum of the epidermis
in the mouse ear (Emilson and Scheynius, 1995).
Planar cell densities of epidermal keratinocytes were
measured from surface-rendered 3D reconstructions of image
stacks such as that shown in Figure 2c. Such 3D reconstruc-
tions easily enable individual keratinocytes to be identified
and hence counted in the epidermal volume (see Movie S3).
As only those cells yet to undergo apoptosis-like cell death
would be expected to express genes delivered via EPI
(i.e. those cells situated beneath the SC), only cells with
intact nuclei, such as those identified in Figure 2c and d, were
counted in the epidermis. We consistently observed two to
three viable cell layers in the murine ear epidermis. Interest-
ingly, the characteristic flattening of keratinocyte cell nuclei
as they advance through the stratum granulosum toward the
SC (Reipert et al., 2004) was discerned in images such as
Figure 2c from above (also in Movie S3). In comparison, a
view from the underside of the epidermis shows that cell
nuclei at the suprabasal layer are more rounded. LC dendrites
are readily observed from this underside view of Figure 2c as
compared to Figure 2b where they are obscured by layers of
keratinocytes. This observation supports earlier measure-
ments revealing the location of LCs at the suprabasal layer.
The number of keratinocytes per unit area in the epidermis
was 16,30072,150 mm2. The equivalent average keratino-
cyte volumetric loading was 1,274,5807168,363 cells
per mm3. Interestingly, this is strikingly similar to the
equivalent keratinocyte volumetric loading in human
breast skin reported by Bauer et al. (2001) of 1,231,7007
154,597 mm3 (t¼ 0.54, n.s.). In contrast, a matched sample
(N¼10) comparison of the localized planar density of LCs
versus keratinocytes in the epidermal volume showed the
ratio of LCs:keratinocytes was approximately 1:1571.4. This
value is much lower than that reported by Bauer et al. (2001)
for human skin, where the ratio of LCs to epidermal
keratinocytes in breast skin was approximately 1:53. These
species-related differences may have significant implications
for the evaluation and interpretation of results from EPI trials
in pre-clinical murine models.
LCs and keratinocyte nuclear size and volume
The average LC nuclear volume measured from 16 LCs was
88.6719.4 mm3, as shown in the table within Figure 3. This
value was consistent with an early detailed electron micro-
scopy study of two LCs by Karas et al. (1992) (t¼ 1.82, NS)
and it was significantly smaller than the average nuclear
volume measured from 67 keratinocytes in the same samples
(126.9720.6 mm, Po0.05). Thus, the nuclear volume of
epidermal keratinocytes is approximately 1.4 times larger
than that of resident epidermal LC. LC nuclei that we obser-
ved had an irregular morphology and their dendritic center
was typically observed offset from their nuclear center. This
is consistent with published ultrastructural results on the
polarized morphology of LCs reported elsewhere for mouse
epidermis (Karas et al., 1992) and normal human skin (Kolde
and Knop, 1986). LCs have been reported to exhibit morpho-
logical polarity with respect to the position of the nuclei
and the orientation of the dendritic processes in the case
of human gingival epithelium (Ito et al., 1998). Results of
a recent study suggest that 2–3% of LCs undergo apoptosis
in natural turnover (Hoetzenecker et al., 2004). Although
we did not use a direct method to identify apoptotic LCs here,
we did not observe any significantly fragmented LC nuclei in
our epidermal sheet preparations.
DISCUSSION
Quantitative skin imaging with MPLSM
MPLSM is a powerful tool to non-invasively characterize the
3D distribution of skin cells playing an essential role in the
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Figure 2. Quantified 3D distribution of LCs and keratinocytes in mouse skin.
3D distributions of Langerhans cells and keratinocytes in the mouse epidermis
were ascertained from epidermal sheets labelled with FITC–MHC Class II
(green) and DNA-intercalating nuclear dyes (blue in a) DAPI or (red in b and
c) PI. LCs were observed in a regular distribution in lateral planar projections
such as (a) with a mean separation distance of 23.1 mm and average planar
cell density of 10527109 mm2. In the axial plane, (b) LCs were located at an
average depth of 14.972.3 mm. The histogram shown here is compared to
the dermo-epidermal boundary depth as measured from virtual MPLSM
histology described earlier. (c and d) High-resolution surface-rendered 3D
reconstructions of the epidermis reveal the characteristic flattening of
keratinocyte cell nuclei as they move from the basal layer towards the SC.
When observing the epidermal volume from above as in (c), flattened
keratinocyte cell nuclei can be identified (inset). (d) In comparison, the
underside view of the same volume shows the suprabasal layer cell nuclei
closely packed and rounded (insets).
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immune response to EPI. In this novel application, the
non-invasive MPLSM technique has provided 3D-resolved
information to improve the interpretation of results from pre-
clinical animal studies into clinical trials of EPI vaccines.
Firstly, the thickness of the target volume – the epidermis was
measured and compared against values otherwise obtained
from the more invasive method of punch-biopsy and
histological sectioning. We demonstrated that MPLSM readily
and reliably facilitates estimation of the thickness of the SC
and epidermis without the need for physical sectioning of the
sample. To date, there have been numerous studies employ-
ing MPLSM for in vivo examinations of human skin (So et al.,
2000; Laiho et al., 2001; Masters and So, 2001; Zoumi et al.,
2002); however, to the best of our knowledge, there is no
published work reporting MPLSM measurements of epider-
mal and SC thickness in human skin samples. Unambiguous
understanding and interpretation of results from clinical EPI
vaccine trials can be achieved if, in conjunction with vaccine
testing, the epidermis of target sites in volunteers is non-
invasively mapped with the MPLSM technique in vivo.
Considerable engineering design has been invested into
the development of EPI delivery systems with controlled
velocities to match depth-dependent functional changes of
the skin (Bellhouse et al., 1997; Kendall, 2002). This study
provides the first quantified data on the vertical distribution
of LC nuclei in the epidermis of murine skin, which can be
used to further refine EPI systems to efficiently target LCs in
the murine epidermis. Our data suggest that LCs in the skin
of the murine ear reside, on average, at a depth of 14.9 mm
beneath the surface – less than 3 mm above the dermal–
epidermal boundary and in the stratum germinativum layer
(Emilson and Scheynius, 1995).
The use of immuno-histochemical staining in conjunction
with MPLSM enabled us to visualize and quantify the 3D
distribution of LCs and keratinocytes. The planar distribution
of LCs as measured in this study was higher than measure-
ments reported elsewhere for murine skin (Choi and Sauder,
1987; Koyama et al., 1987; Rittman et al., 1987; Larsen et al.,
1990); however, most of these studies used now-outdated
labelling and numeration methods. Our results are in line
with age-related trends for LC planar density found in the
epidermis and epithelium of mice (Choi and Sauder, 1987;
Rittman et al., 1987) and we are inclined to believe that they
are representative of the skin of 6- to 8-week-old BALB/c
mice.
LCs observed in 3D in this study were found to have a
small, convoluted nuclei as compared to keratinocytes in the
same samples. This may be expected as LCs are migratory
cells that move through complex lymphatic networks into
and out of peripheral tissues.
A comparison of our values of LC planar distribution
against reports for human skin (Berman et al., 1983; Chen
et al., 1985; Bergfelt, 1993; Bauer et al., 2001) shows
appreciably more LCs are contained within murine ear
epidermis than at a range of sites on the human body. Thus
for an EPI system of particular ‘‘footprint’’ area, the likelihood
of targeting LCs in mice would be expected to be significantly
higher than that in humans. Furthermore, our measurements
of the keratinocyte density show that there are far fewer
keratinocytes per planar area of skin in the mouse model. The
ratio of LCs to keratinocytes in murine ear skin measured here
was 1:15, which is more than three times higher than that
reported for human breast skin of 1:53 (Bauer et al., 2001).
We believe that this difference is not only a result of a
higher planar density of LCs in murine epidermis but is also
reflection of the vastly thinner viable epidermis (17.5 mm) that
limits epidermal cells to two to three layers in the mouse
ear. Such disparity suggests that EPI vaccines are delivered,
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Figure 3. Measurements of LC and keratinocyte nuclear volumes. (a) LCs
and keratinocyte nuclear volume major axes of LC nuclei were measured
twice on orthogonal sections reconstructed from 3D image stacks acquired
with MPLSM. (b) Sixteen LCs were examined to reveal a nuclear volume
of 88.6719.4 mm. This was significantly smaller than the nuclear volume
of keratinocytes examined from the same samples and compared in
(c) (126.9720.6 mm), Po0.01.
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on average, to fewer keratinocytes in the murine system
than can are delivered into human epidermis. This result may
have important consequences for the selection of EPI delivery
payloads and interpreting pre-clinical studies of EPI vaccines
in the mouse. This is especially so given the increasingly
recognized role attributed to keratinocytes in humoral
and cellular immunity following EPI vaccination (Cho et al.,
2001; Bergmann-Leitner and Leitner, 2004; Ramirez and
Sigal, 2004; Hon et al., 2005). While it does not necessarily
affect the validity of the results shown here, it is important to
note that this comparison of LC number between mouse and
man was not based upon the same technique, but rather
compared literature values obtained using confocal micro-
scopy to values obtained with MPLSM.
Insights into the targeting capabilities of EPI
There is a strong body of evidence to support a direct role
for LC transfection in the induction of cellular immunity to
EPI vaccination (Klinman et al., 1998; Porgador et al., 1998;
Chen et al., 2002); however, recent studies now suggest that
cross-presentation is the predominant mechanism causing
cellular immune responses following DNA vaccination to the
skin (Cho et al., 2001; Bergmann-Leitner and Leitner, 2004;
Ramirez and Sigal, 2004; Hon et al., 2005). Cross-presenta-
tion has also been implicated in immunity to viral infections
(Yewdell and Mansour Haeryfar, 2005). Keratinocytes play
a fundamental role in the cross-presentation pathway as
they can be transfected to express proteins encoded by
an EPI genetic vaccine that is subsequently transported
to professional antigen-presenting cells via endosomal or
phagosomal pathways for presentation to CD8þ T-lympho-
cytes at the draining lymph nodes (Ackerman and Cresswell,
2004; Yewdell and Mansour Haeryfar, 2005). Given that
(based on the results of this study), the mouse skin has a
higher abundance of LCs yet fewer keratinocytes in the
epidermis as compared to humans; it is conceivable that
cross-presentation plays a more significant role in the EPI
vaccination of humans than in the pre-clinical mouse
model. We are therefore inclined to suggest that greater
effort needs to be directed toward understanding cross-
presentation as a key process for cellular immunity following
EPI vaccination.
Concluding remarks
A critical step towards improving our understanding of the
delivery of powdered genetic vaccines with Gene Guns and
EPI technology is to characterize the 3D distribution of target
cells of the epidermis. We employed NIR-MPLSM to map the
3D distribution of LCs and keratinocytes in mouse epidermis.
Our work represents the first in-depth quantification and
analysis of the nuclear size, shape, and position of these
cells within the target volume, which when compared to
published values concerning human skin shows quantifiably
distinct interspecies differences. We also reliably measured
the SC and epidermal thickness of whole fresh tissue samples
by ‘‘virtual MPLSM histology’’.
There is a plethora of techniques currently under deve-
lopment by various research groups to enhance the efficacy
of Gene Gun vaccination. Our study identifies fundamental
differences between the density, location, size, and shape of
LCs and keratinocytes in the mouse as compared to published
data in humans. We suggest that these distinct distributional
differences should be considered in making predictions of
the clinical performance of EPI systems from results of pre-
clinical trials. The data reported in this study pertains to
murine skin only, thus we recommend that such important
parameters be further quantified in the skin of other relevant
pre-clinical model species including the pig (Tachedjian
et al., 2003), primate models (Hanke and McMichael, 1999),
and in various patient populations where such parameters are
known to be affected by demographical and pathological
conditions such as age (Bhushan et al., 2002), sun exposure
(Seite et al., 2003), and HIV infection (Muller et al., 1993).
Additionally there is a decline in LC density upon aging
of mice (Choi and Sauder, 1987), and therefore there may
an age of mice where the differences to human epidermis are
not as pronounced.
We note that there are many possibilities to further
explore the relationship between valid distributional target
parameters and the efficacy of vaccination with EPI in the
pre-clinical mouse model. MPLSM is a powerful tool to
investigate epidermal gene delivery. Key events such as cell
death, LC migration (Larregina et al., 2001; Randolph et al.,
2005), LC replenishment (Merad et al., 2002), and gene
expression (Watkins et al., 2005) lend themselves to be
explored in situ in four-dimension (position and time) using
the MPLSM. Furthermore, transgenic mice that have recently
been engineered to possess reporter genes for LC-specific
antigens including MHC Class II (Boes et al., 2002) and
mLangerin/CD207 (Kissenpfennig et al., 2005a, b) could be
used with MPLSM to advance our understanding of many of
the intricate temporal dynamics of LC function, morphology,
and motility in vivo. These studies would possess greater
validity than those to date that have relied upon preparation
methods shown here to modify the sample morphology
before imaging. Important underlying post-vaccination events
occurring in situ at the delivery site could be studied in fine
detail in real time using the above-mentioned transgenic
mouse models where additional fluorescent reporter genes of
alternative emission wavelengths are biolistically delivered
with hand-held Gene Guns and EPI technology pioneered
here in Oxford (Bellhouse et al., 1994).
MATERIALS AND METHODS
Specimen preparation and immuno-histochemical staining
In accordance with Oxford University Ethics Committee and under
British Home Office licence guidelines, 6- to 8-week-old BALB/c
mice were terminated by cervical dislocation. Ear specimens were
excised and dorsal skin flaps removed from underlying cartilage
using fine forceps. Samples for unfixed fresh endogenous fluores-
cence imaging (measurements of SC and epidermal thickness) were
mounted directly onto glass slides and coverslipped. All other
samples were allocated for fluorescence immuno-histochemical
labelling and further processed as epidermal sheets: dorsal flaps
were floated dermis down at 41C overnight in 0.5 M ammonium
thiocyanate (Fisher Scientific, Loughborough, UK) and rinsed three
www.jidonline.org 1545
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times in phosphate-buffered saline at 251C. Using fine forceps,
epidermal sheets were carefully peeled from the underlying dermis,
fixed in cold acetone for 20 minutes, rehydrated in phosphate-
buffered saline supplemented with 2% fetal calf serum, and 0.1%
sodium azide before immuno-histochemical staining in a series of
dilute antibody solutions.
LCs were labelled using antibodies against cell-surface-associ-
ated MHC Class II molecules (B21-2 antibody). Briefly, epidermal
sheets were incubated for 3 hours at 41C in primary rat anti-mouse
MHC Class II antibody, rinsed thoroughly three times in phosphate-
buffered saline, and then incubated in secondary antibody of FITC-
conjugated mouse anti-rat IgG (Zymed Labs, Invitrogen Ltd, Paisley,
UK) at a dilution of 1:150 in phosphate-buffered saline for 3 hours at
41C. Samples were again rinsed three times in phosphate-buffered
saline before mounting in dilute mediums consisting of the
intercalating dyes Propidium iodide or 40,6-diamidine-20-phenylin-
dole dihydrochloride on a glass slide with coverslip.
MPLSM system
A diode pumped Ti:Sapphire crystal laser (Mira-Coherent, Ely, UK)
provided 150 fs pulses of NIR light, selectively tunable between 700
and 980 nm. The beam was aligned, attenuated, and scanned across
the sample using a directly coupled multiphoton system described
previously (Mulholland and Kendall, 2004). Briefly, it consisted of
a BioRad Radiance 2100 MPD laser-scanning and control system
(Bio-Rad Microsciences Ltd., now Carl Zeiss GmbH, Jena, Germany)
coupled to a Nikon E600 FN upright microscope (Nikon UK Ltd,
Surrey, UK). The novel MPLSM microscope has the provision to
be selectively split from the lower half for in vivo imaging of
large animals and specific sites on the human body; however, in
this instance, it was operated in its conventional configuration. All
samples were imaged within 12 hours to 1 day of preparation (fixed
samples) or immediately after mounting (fresh samples) through a
Plan Apochromat  100 1.4 numerical aperture oil lens (Nikon,
UK). At 800 nm excitation wavelength, the measured full-width at
half-maximum lateral and axial resolutions of the microscope with
this objective lens were 280765 and 750795 nm, respectively
(Mulholland and Kendall, 2004).
Image processing and analysis
Data sets of serial optical sections were uploaded into Imaris 4.0
(Bitplane Ag, Zurich, Switzerland) for pre-processing before image
analysis. Importantly, optical corrections for spherical aberration
effects owing to a refractive index mismatch between immersion oil
(n¼ 1.51) and tissue specimen were made by Z-axis scaling all
images using reported refractive index values of in vivo SC and
epidermis at infrared wavelengths of 1.51 and 1.34, respectively
(Tearney et al., 1995). Imaris software offers a range of advanced
3D image processing capabilities applicable to thick-tissue data sets
(Biel et al., 2003). Those used in this study included contrast
enhancement and background subtraction thresholding, extended
orthogonal projections, volume and surface rendering, and statistical
analysis of objects in 3D.
Measuring epidermal and SC thickness
Skin flaps directly mounted with intact dermis were imaged by
endogenous fluorescence and second-harmonic generation contrast.
Extracellular lipids associated with the SC emitted a broad auto-
fluorescence under multiphoton excitation (between 450 and
530 nm), and this was used as a marker to identify the upper
(SC coverslip) and lower (SC epidermal) interfaces of the SC.
Collagen fibers of the dermis emitted a strong second-harmonic
generation signal that was detected at exactly one-half the excitation
wavelength (450 nm emission under 900 nm femtosecond-pulsed
excitation), providing means to identify the dermo-epidermal
boundary of the basal membrane (Zoumi et al., 2002; Sun et al.,
2003). Following 3D image stack acquisition, orthogonal planes
were projected as xz and yz views and loaded into Metamorph
Image analysis software (Universal Imaging Corp. Ltd, Marlow, UK)
for measurement and analysis. Results were compared to measure-
ments of control samples processed via conventional histology.
Comparative histology
Histological slides were prepared for measurements of epidermal
and SC thickness using wide-field microscopy. Ears from terminated
mice were excised, embedded in cryomatrix (Thermo Shandon,
Pittsburgh) and snap-frozen in cold isopentane. Sections (6mm thick)
were cryotomed (Shandon E, Thermo Shandon, Pittsburgh, PA), fixed
in acetone, stained with hematoxylin and eosin (Sigma, Dorset, UK)
before mounting in di-n-butylphthalate-polystyrene-xylene (DPX)
medium (BDH, UK) under the coverslip. Images were acquired
with a  40 air objective using a DC500 digital camera (Leica
Microsystems, Wetzlar, Germany) attached to a Leica DM/IRB
transmission microscope before processing and analysis using
Q-Win software (Leica). More than 150 measurements of SC
and epidermis were compared to the MPLSM ‘‘virtual histology’’
data.
3D volumetric densities of LCs and keratinocytes in
the epidermis
Following background subtraction and moderate contrast enhance-
ment, LCs were identified in 3D image stacks by MHC Class II
molecules expressed (and localized indirectly with FITC fluores-
cence) at their cell surface. Extended orthogonal projections
provided means to simultaneously visualize and measure the planar
and vertical distribution of LC within the epidermal volume. Vertical
measurements were made from the upper surface of the SC through
to the center of the LC nucleus. Planar densities were counted as a
function of number of cells per millimeter squared (mm2), and in
conjunction with measurements of epidermal thickness, a cell per
unit volume measure was calculated. This volumetric number
density was compared to similar measurements of keratinocytes
taken from 3D surface-rendered reconstructions of the entire
epidermis.
Identifying LCs and keratinocytes in situ and measuring
their nuclear volume
Orthogonal plane projections provided a reliable and relatively
simple means to identify and visualize each LC in xy, xz, and yz
planes simultaneously. This circumvented many of the reported
difficulties associated with identifying LC from sequential histologi-
cal sections (Karas et al., 1992). Orthogonal image planes projected
from the center of each cell in x, y, and z planes were captured and
loaded into Metamorph Meta-Imaging Series (Universal Imaging
Corp.). Six measurements of each LC nucleus were made (2 length,
width, and depth) and the maximum value always chosen for the
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final reported measurement. In this way, an irregular-shaped LC
nucleus with one or more axes inclined to the sectional axis could be
accurately measured.
Following the same procedure, keratinocytes selected at random
from the remainder of the field in each 3D image stack were
identified, projected onto orthogonal planes, and measured for
maximum dimensions of the nucleus length, width, and depth.
The volume of each cell nucleus was calculated using the
formula for a simple ellipsoid of axes a, b, c:
V ¼ 43pabc ð1Þ
Statistics
Where appropriate, results were compared using paired Student’s
t-test and the corresponding likelihoods shown.
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SUPPLEMENTARY MATERIAL
Movie S1. Endogenous skin mapping with MPLSM.
Movie S2. Sub-cellular resolution optical sectioning capabilities of MPLSM
enable us to view the three-dimensional structure of LCs and keratinocytes in
labelled epidermal sheets.
Movie S3. Surface reconstructions of the three-dimensional epidermal volume
provide us with a detailed view of the distribution of LCs and keratinocytes in
the epidermis.
REFERENCES
Ackerman A, Cresswell P (2004) Cellular mechanisms governing cross-
presentation of exogenous antigens. Nat Immunol 5:678–84
Banchereau J, Steinman R (1998) Dendritic cells and the control of immunity.
Nature 392:245–52
Bauer J, Bahmer F, Worl J, Neuhuber W, Schuler G, Fartasch M (2001) A
strikingly constant ratio exists between Langerhans cells and other
epidermal cells in human skin. A stereologic study using the optical
dissector method and the confocal laser scanning microscope. J Invest
Dermatol 116:313–8
Bellhouse B, Quinlan N, Ainsworth R (1997) Needle-less delivery of drugs, in
dry powder form, using shock waves and supersonic gas flow.
Proceedings of the 21st International Symposium on Shock Waves,
Queensland, Australia
Bellhouse B, Sarphie D, Greenford C (1994) Needle-less syringe using gas
flow for particle delivery. International patent WO94 24263
Bergfelt L (1993) UV-related skin conditions and Langerhans’ cell populations
in human skin. Acta Dermatol Venerol 73:192–6
Bergmann-Leitner E, Leitner W (2004) Danger, death and DNA vaccines.
Microbes Infect 6:319–27
Berman B, Chen V, France D, Dotz W, Petronie G (1983) Anatomical
mapping of epidermal Langerhans cell densities in adults. Br J Dermat
109:553–8
Bhushan M, Cumberbatch M, Dearman R, Andrew S, Kimber I, Griffiths C
(2002) Tumor necrosis factor-alpha-induced migration of human
Langerhans cells: the influence of ageing. Br J Dermatol 146:32–40
Biel S, Kawaschinski S, Wittern K, Hintze U, Wepf R (2003) From tissue
to cellular ultrastructure: closing the gap between micro- and nano-
structural imaging. J Micrbiol 212:91–9
Blank I, Maloney J, Emslie A, Simon I, Apt C (1984) The diffusion of water
across the stratum corneum as a function of its water content. J Invest
Dermatol 82:188–94
Boes M, Cerny J, Massol R, Op den Brouw M, Kirchhausen T, Chen J et al.
(2002) T-cell engagement of dendritic cells rapidly rearranges MHC class
II transport. Nature 418:983–8
Chen D, Maa Y, Haynes J (2002) Needle-free epidermal powder immuni-
zation. Expert Rev Vacc 1:265–76
Chen H, Yuan J, Wang Y, Silvers W (1985) Distribution of ATPase-positive
Langerhans cells in normal adult human skin. Br J Dermatol 113:707–11
Cho J, Youn J, Sung Y (2001) Cross-priming as a predominant mechanism for
inducing CD8+ T cell responses in gene gun DNA immunization.
J Immunol 167:5549–57
Choi K, Sauder D (1987) Epidermal Langerhans cell density and contact
sensitivity in young and aged BALB/c mice. Mech Ageing Dev 39:69–79
Condon C, Watkins S, Celluzzi C, Thompson K, Falo L (1997) DNA-based
immunization by in vivo transfection of dendritic cells. Nat Med 2:
1122–8
Dean H, Fuller D, Osorio J (2003) Powder and particle-mediated approaches
for delivery of DNA and protein vaccines into the epidermis. Comp
Immunol Microbiol Infect Dis 26:373–88
Denk W, Strickler J, Webb W (1990) Two-photon laser scanning fluorescence
microscopy. Science 248:73–6
Dickenson M, Simbuerger E, Zimmermann B, Waters C, Frazer S (2003)
Multiphoton excitation spectra in biological samples. J Biomed Optics
8:329–38
Emilson A, Scheynius A (1995) Quantitative and three-dimensional analysis of
human Langerhans cells in epidermal sheets and vertical skin sections.
J Histochem Cytochem 43:993–8
Guermonprez P, Valladeau J, Zitvogel L, Thery C, Amigorena S (2002)
Antigen presentation and T cell stimulation by dendritic cells. Annu Rev
Immunol 20:621–67
Hanke T, McMichael A (1999) Pre-clinical development of a multi-CTL
epitope-based DNA prime MVA boost vaccine for AIDS. Immunol Lett
66:177–81
Hoetzenecker W, Meingassner JG, Ecker R, Stingl G, Stuetz A, Elbe-Burger A
(2004) Corticosteroids but not pimecrolimus affect viability, maturation
and immune function of murine epidermal Langerhans cells. J Invest
Dermatol 122:673–84
Hon H, Oran A, Brocker T, Jacob J (2005) B lymphocytes participate in cross-
presentation of antigen following gene gun vaccination. J Immunol
174:5233–42
Ito H, Takekoshi T, Miyauchi M, Ogawa I, Takata T, Nikai H et al. (1998)
Three dimensional appearance of Langerhans cells in human gingival
epithelium as revealed by confocal laser scanning microscopy. Arch
Oral Biol 43:741–4
Karas Z, Warchol J, Jaroszewski J (1992) Three-dimensional reconstruction
and stereometric analysis of Langerhans cells in mouse epidermis.
J Invest Dermatol 99:774–8
Kendall M (2002) The delivery of particulate vaccines and drugs to human
skin with a practical, hand-held shock tube-based system. Shock Waves
12:23–30
Kissenpfennig A, Ait-Yahia S, Clair-Moninot V, Stossel H, Badell E, Bordat Y
et al. (2005a) Disruption of the langerin/CD207 gene abolishes Birbeck
granules without a marked loss of Langerhans cell function. Mol Cell
Biol 25:88–99
Kissenpfennig A, Henri S, Dubois B, Laplace-Builhe C, Perrin P, Romani N
et al. (2005b) Dynamics and function of Langerhans cells in vivo: dermal
dendritic cells colonise lymph node areas distinct from slower migrating
Langerhans cells. Immunity 22:643–54
Klinman D, Sechler J, Conover J, Gu M, Rosenberg A (1998) Contribution of
cells at the site of DNA vaccination to the generation of antigen-specific
immunity and memory. J Immunol 160:2388–92
www.jidonline.org 1547
WJ Mulholland et al.
3D Distribution of Langerhans Cells in Mouse Epidermis
Kolde G, Knop J (1986) Ultrastructural morphometry of epidermal Langer-
hans’ cells: introduction of a simple method for a comprehensive
quantitative analysis of the cells. Arch Dermatol Res 278:298–301
Koyama Y, Nagao S, Ohashi K, Takahashi H, Marunouchi T (1987) Sex-
differences in the densities of epidermal Langerhans cells of the mouse.
J Invest Dermatol 88:541–4
Laiho L, Pelet S, Hancewicz T, Kaplan P, So P (2001) Two-photon 3-D
mapping of ex vivo human skin endogenous fluorescence species based
on fluorescence emission spectra. J Biomed Opt 10:024016
Larregina A, Watkins S, Erdos G, Spencer L, Storkus W, Beer Stolz D et al.
(2001) Direct transfection and activation of human cutaneous dendritic
cells. Gene Therapy 8:608–17
Larsen C, Steinman R, Witmer-Pack M, Hankins D, Morris P, Austyn J (1990)
Migration and maturation of Langerhans cells in skin transplants and
explants. J Exp Med 172:1483–93
Masters B, So P (2001) Confocal microscopy and multi-photon excitation
microscopy of human skin in vivo. Opt Express 8:2–10
Merad M, Manz M, Karsunky H, Wagers A, Peters W, Charo I et al. (2002)
Langerhans cells renew in the skin throughout life under steady-state
conditions. Nat Immunol 3:1135–41
Mulholland W, Kendall M (2004) Design and commissioning of a
directly coupled in vivo multiphoton fluorescent microscope for skin
imaging in humans and large animals. Proc SPIE Opt Des Eng 5249:
557–66
Muller H, Weier S, Kojouharoff G, Grez M, Berger S, Kappus R et al. (1993)
Distribution and infection of Langerhans cells in the skin of HIV-infected
healthy subjects and AIDS patients. Res Virol 144:59–67
Peachman K, Rao M, Alving C (2003) Immunization with DNA through the
skin. Methods 31:232–42
Porgador A, Irvine K, Iwasaki A, Barber B, Restifo N, Germain R et al. (1998)
Predominant role for directly transfected dendritic cells in antigen
presentation to CD8(+) T cells after gene gun immunization. J Exp Med
188:1075–82
Ramirez M, Sigal L (2004) The multiple routes of MHC-I cross-presentation.
Trends Microbiol 12:204–7
Randolph G, Angeli V, Swartz M (2005) Dendritic-cell trafficking to lymph
nodes through lymphatic vessels. Nat Rev Immunol 5:617–28
Reipert S, Fischer I, Wiche G (2004) High-pressure cryo-immobilization of
murine skin reveals novel structural features and prevents extraction
artifacts. Exp Dermatol 13:419–25
Rittman B, Hill M, Rittman G, Mackenzie I (1987) Age-associated changes in
Langerhans cells of murine oral epithelium and epidermis. Arch Oral
Biol 32:885–9
Romani N, Holzmann S, Tripp C, Koch F, Stoitzner P (2003) Langerhans
cells–dendritic cells of the epidermis. APMIS 111:725–40
Seite S, Zucchi H, Moyal D, Tison S, Compan D, Christiaens F et al. (2003)
Alterations in human epidermal Langerhans cells by ultraviolet radiation:
quantitative and morphological study. Br J Dermatol 148:291–9
So P, Dong C, Masters B, Berland K (2000) Two-photon excitation
fluorescence microscopy. Ann Rev Biomed Eng 2:399–429
Sun C, Chen C, Chu S, Tsai T (2003) Multiharmonic generation biopsy of skin.
Opt Lett 28:2488–90
Tachedjian M, Boyle J, Lew A, Horvatic B, Scheerlinck J, Tennent J et al.
(2003) Gene gun immunization in a preclinical model is enhanced by
B7 targeting. Vaccine 21:2900–5
Tearney G, Brezinski M, Southern J, Bouma B, Hee M, Fujimoto J (1995)
Determination of the refractive index of highly scattering human tissue
by optical coherence tomography. Opt Lett 20:2258–60
Watkins C, Hopkins J, Harkiss G (2005) Reporter gene expression in dendritic
cells after gene gun administration of plasmid DNA. Vaccine
23:4247–56
Yewdell J, Mansour Haeryfar S (2005) Understanding presentation of viral
antigens to CD8+ T cells in vivo: the key to rational vaccine design.
Ann Rev Immunol 23:651–82
Zipfel W, Williams R, Webb W (2003) Nonlinear magic: multiphoton
microscopy in biosciences. Nat Biotechnol 21:1369–77
Zoumi A, Yeh A, Tromberg B (2002) Imaging cells and extracellular matrix in
vivo by using second harmonic generation and two photon excited
fluorescence. Proc Natl Acad Sci 99:11014–9
1548 Journal of Investigative Dermatology (2006), Volume 126
WJ Mulholland et al.
3D Distribution of Langerhans Cells in Mouse Epidermis
